A numerical study is performed to investigate fluid flow and heat transfer characteristics in a concentric annulus with a slightly heated inner core moving in the flow direction and a stationary, insulated outer cylinder. Emphasis is placed on the effect of inner core movement on the flow structures, i.e. the normal components of the Reynolds stress and its off-diagonal one. A Reynolds stress turbulence model is employed 'to obtain these turbulence quantities. The governing boundary-layer equations are discretized by means of a control volume finite-difference technique and numerically solved using the marching procedure. It is found from the study that (i) the streamwise movement of the inner core causes an attenuation in the normal Reynolds stresses, although the inherent anisotropy is maintained and the appreciable turbulence remains, (ii) the Reynolds stress in the inner wall region is substantially diminished due to the inner core movement, resulting in a decrease in the heat transfer performance, and (iii) an increase in the velocity ratio of the moving inner core of the fluid flow induces a decrease in the Nusselt number as well as the Reynolds stress in the region near the inner core.
INTRODUCTION
The problems of heat transfer and fluid flow in concentric annuli can be classified three categories: (i) stationary cylinder case, (ii) parallel Couette flow case and (iii) circular Couette flow case. The present study is focused on turbulent transport phenomenon in the parallel Couette flow, which refers to a flow in a concentric annulus with one surface moving in the flow direction and the other remaining stationary (or both surface moving in the flow direction at different velocities).
Barrow and Pope [1987] conducted a simple analysis simulating flow and heat transfer in railway tunnels (such as the 54-km long Seikan tunnel in Japan and the Channel tunnel between England and France). Shigechi et al. [1990] obtained analytical solutions for the friction factor and Nusselt number for turbulent fluid flow and heat transfer in concentric annuli with moving inner cores, using a modified mixing length model, originally proposed by van Driest [1956] . It was disclosed that as the relative velocity (i.e. the velocity ratio of a moving inner core to the fluid flow) is increased, the friction factor is diminished while the Nusselt number is enhanced. The same numerical study was performed by Torii and Yang [1994] , who employed the existing k-e turbulence models. It was found that: (i), the streamwise movement of the inner wall causes an attenuation in the turbulent kinetic energy, resulting in a reduction in the heat transfer rate and (ii), an increase in the relative velocity causes a decrease in both the friction factor and the Nusselt number as well as a reduction in the turbulent kinetic energy in the wall inner region. Since the twoequation k-e model basically assumes isotropic turbulence structure, it cannot precisely reproduce the anisotropy of turbulence caused by the inner core moving in the flow direction. In order to obtain the detailed infor-132 S. TORII AND W.-J. YANG mation pertinent to the flow structures, the higher order closure model, i.e. a Reynolds stress turbulence model is employed. Hanjalic and Launder [1976] and Prud'homme and Elghobashi [1986] proposed a low Reynolds number version of a Reynolds stress turbulence model, which can predict turbulence quantities in the vicinity of the wall as well as in the region far from the wall. However, it was found from the preliminary calculation that both models were unable to reproduce the inherent anisotropy in the near-wall region of isothermal circular tube flows. Better accuracy in this region was achieved by the Reynolds stress model of Launder and Shima [1989] based on a full second-momentum closure expressed in terms of the turbulent Reynolds number and independent Reynolds stress invariants.
The purpose of the present study is to investigate turbulent flow and heat transfer characteristics in concentric annuli with the inner core moving in the flow direction. The Reynolds stress turbulence model proposed by Launder and Shima is employed to shed light on the mechanism of the transport phenomena. Emphasis is placed on the effects of core movement on the flow structures, i.e. the three normal components of the Reynolds stress and its off-diagonal one.
GOVERNING EQUATION AND SOLUTION PROCEDURE
Consideration is given to a steady turbulent annular flow in which a slightly heated inner core moves in the flow direction and an insulated outer cylinder is held stationary. The physical configuration and the cylinder coordinate system are shown in Fig. 1 (11) The empirical constants and model functions in Eqs. (7), (8), (9), (10) and (11) are summarized in Table 1 . The governing equations are subject to the following boundary conditions: 
The governing equations are discretized by means of a control volume method [1980] . Since all turbulence quantities as well as the time-averaged streamwise velocity vary rapidly in the near-wall region, nonuniform cross-stream grids are used in which the size is increased in a geometric ratio with the maximum size being kept within 3 % of the hydrodynamic radius. Figure 3 shows the radial distributions of three normal components of the Reynolds stress tensor at Re 46,000. The numerical results are normalized by the friction velocity, U*out, on the outer wall. The model predicts an inherent anisotropy of the annular flow, although its accuracy is somewhat inferior near the inner and outer walls than in the center region. Figure 4 illustrates the radial distribution of the calculated Rey- (max (12) for all the variables (b (u, //2, 122, W2, UP, T, and e). Numerical results for the streamwise velocity, three normal components of the Reynolds stress and its offdiagonal one at Re 50,000 are calculated in order to explore the mechanisms of turbulent parallel Couette flows in an annulus. obtained that as U* is increased, the peak of U/Uma shifts toward the inner side, resulting in a substantial deformation in the velocity profile of the fully-developed turbulent annular flow with a stationary inner core. This implies that the velocity gradient at the inner wall is significantly reduced by the streamwise movement of the inner core, while only a slight change occurs in the outer wall region. The radial profiles of three normal components of the Reynolds stress are illustrated in Fig. 8 at different dimensionless relative velocities. One observes that (i) the three normal stress levels in the inner wall region are substantially reduced with an increase in U*, although the inherent anisotropy is maintained and the appreciable turbulence remains, and (ii) only a slight effect appears in the outer wall side. The corresponding variation of the Reynolds stress with a change in U* is shown in Fig. 9 . The Reynolds stress level in the inner wall region is diminished with an increase in U*, and almost disappears at U* 1.0. In contrast, the Reynolds stress in the center region increases, while no effect appears in the vicinity of the outer wall. This behavior is in accord with the variation of the streamwise velocity, U/Umax, in Fig. 7 . Since the eddy diffisivity concept is employed to determine the turbulent heat flux -vt, it is directly related to the Reynolds stress through Eqs. (4), (5) In summary, a decrease in the Nusselt number, as seen in Fig. 6 , is caused by the streamwise movement of the inner core. This trend is amplified with an increase in the relative velocity. The mechanism is that: in the region near the inner core, a reduction in the velocity gradient induced by its streamwise movement suppresses the Reynolds stress, resulting in a decrease in the heat transfer performance.
SUMMARY
A Reynolds stress turbulence model by Launder and Shima has employed to investigate transport phenomena in concentric annulus with a slightly heated inner core moving in the flow direction. Consideration is given to the influence of relative velocity on the flow structure. The results are summarized as follows:
A Reynolds stress turbulence model predicts a reduction in the Nusselt number with an increase in the relative velocity. It is also disclosed that: (i) an inner core movement causes a decrease in the velocity gradient at the inner wall, a substantial deformation of the velocity profile and an attenuation in the three normal components of the Reynolds stress in the inner wall, and (i) however, an appreciable turbulence remains and its inherent anisotropy is maintained. Consequently, the streamwise movement of the inner core suppresses the " U*=O 0 ."7 U*=0.5 U*=l.0 
